Introduction
============

Corneal endothelial cells do not normally proliferate in vivo to increase cell numbers. However, they retain proliferative capacity and can divide both in culture and in ex vivo corneas if cell-cell contacts are disrupted and cells are exposed to positive growth factors \[[@r1],[@r2]\]. Epidermal growth factor (EGF) has been shown to induce proliferation in corneal endothelial cells from several species, including rabbits \[[@r3]\], cows \[[@r4],[@r5]\], cats \[[@r6],[@r7]\], non-human primates \[[@r8],[@r9]\], and humans \[[@r8],[@r10]-[@r12]\]. Although EGF is known to stimulate proliferation in these cells, there is very little information regarding how the EGF-induced signal is regulated.

The EGF receptor (EGFR) is an 1,186 amino acid transmembrane protein and is a member of a group of receptors possessing intrinsic tyrosine kinase activity \[[@r13]\]. Reversible tyrosine phosphorylation helps regulate important cellular processes, including proliferation, migration, and differentiation \[[@r14]\]. In response to ligand binding, specific tyrosine residues within the COOH-terminal intracellular domain of EGFR become autophosphorylated. These residues include Tyr992 and Tyr1148 \[[@r15]\]. Tyrosine autophosphorylation within growth factor receptors promotes direct binding of signaling proteins that contain src homology-2 (SH2) domains \[[@r15]-[@r18]\]. Ligand binding to EGFR can lead to activation of a number of signaling pathways, including phospholipase C-γ (PLC-γ) and its downstream calcium- and protein kinase C (PKC) cascades, and ras which leads to activation of various MAP kinases. Upon ligand binding and activation, EGFR is rapidly internalized into endosomes, with its extracellular domain within the endosome and its intracellular domain extending toward the cytoplasm. EGFR remains active in the endosome for several min before either being sorted to lysosomes (where it is degraded) or recycled back to the plasma membrane \[[@r19]\]. The fate of the receptor and the output of the signaling process depend on continued ligand binding and kinase activity \[[@r13],[@r20]\].

The catalytic activity of many receptor tyrosine kinases is tightly regulated by protein tyrosine phosphatases (PTPs), which act as \"on\" and \"off\" switches for numerous signaling events \[[@r14],[@r21]\]. PTP1B is a widely expressed 50 kDa non-receptor PTP \[[@r22]\] that helps regulate multiple cellular functions, including proliferation. Among its functions, PTP1B binds to the EGFR both in vitro \[[@r15]\] and in vivo \[[@r23]\] and specifically interacts with and dephosphorylates both Tyr992 and Tyr1148 within the cytoplasmic domain of the receptor \[[@r15]\]. Studies indicate that there is competition for PTP1B binding at these sites. For example, the SH2 domain-containing protein, PLC-γ, also interacts with Tyr992, while the GTPase-activating protein of ras (GAP) interacts with Tyr1148. This competitive binding indicates that PTP1B must play a role in regulating EGFR downstream signaling via PLC-γ and/or GAP. PTP1B contains a 35 amino acid COOH-terminal hydrophobic sequence that anchors it to the cytoplasmic surface of the endoplasmic reticulum \[[@r24]\]. PTP1B-catalyzed dephosphorylation of EGFR and attenuation of the phosphotyrosine-induced downstream signal requires receptor endocytosis and occurs in a specific \"dephosphorylation compartment\" prior to the movement of the receptor to lysosomes or to recycling back to the plasma membrane \[[@r14],[@r25],[@r26]\].

A number of studies have been conducted to determine whether manipulating the expression or activity of PTP1B can have an effect on growth factor-induced downstream cellular processes. For example, PTP1B attenuated PDGF-BB-induced proliferation in cultured vascular smooth muscle cells via dephosphorylation of the PDGF-beta receptor, whereas expression of a dominant-negative form of PTP1B promoted proliferation of these cells \[[@r27]\]. In immortalized fibroblasts from PTP1B^-/-^ mice, cells lacking PTP1B exhibited increased and sustained phosphorylation of both EGFR and the PDGF receptor \[[@r28]\]. PTP1B also negatively regulates phosphotyrosine-induced signaling via the insulin and leptin receptors, implicating PTP1B activity in Type 2 diabetes and obesity \[[@r29]-[@r31]\]. Because of the potential role of PTP1B in these diseases, as well as in cancer, much attention has been paid to the development of specific inhibitors of PTP1B as potential therapeutic agents \[[@r14],[@r32],[@r33]\].

Studies from this laboratory \[[@r34]\] have demonstrated the expression of several PTPs in rat corneal endothelial cells both in ex vivo corneas and in culture. Among the PTPs expressed were PTP1B, SHP-1, SHP-2, PTP-mu, and the dual-specificity phosphatase, PTEN. When cultures of rat corneal endothelial cells were treated with the general phosphatase inhibitor, sodium orthovanadate (SOV), cell cycle entry was increased, as indicated by an increase in the number of cells with positive staining for Ki67, a marker of actively cycling cells \[[@r35]\]. The increase in Ki67-positive cells upon exposure to SOV strongly suggests that phosphatase activity helps suppress cell cycle entry in corneal endothelium. The current studies were conducted to determine whether PTP1B plays a role in regulating Tyr992 phosphorylation of EGFR and cell cycle entry in rat corneal endothelial cells.

Methods
=======

Rat corneal tissue
------------------

Corneas were obtained from adult male Sprague-Dawley rats (Taconic, Hudson, NY), which were treated in accordance with the ARVO Statement on the Use of Animals in Ophthalmic and Vision Research. Whole corneas were used for some experiments. For other experiments, endothelial cell explant cultures were prepared according to Chen et al. \[[@r36]\]. Primary cultures were grown to confluence in Medium 199 (Invitrogen, Carlsbad, CA) supplemented with 50 μg/ml gentamicin (Invitrogen) and 10% fetal bovine serum (FBS; HyClone, Logan, UT). All incubations were performed at 37 °C in a 5% CO~2~, humidified atmosphere. Passage 2 cells were used for all experiments.

RT-PCR of PTP1B
---------------

Total RNA was prepared from passage 2 subconfluent and confluent cultures of rat corneal endothelial cells according to the manufacturer\'s directions (TRIzol; Invitrogen). cDNA was prepared from 1 μg total RNA by reverse transcription in a volume of 20 μl using reagents from a commercially available kit (Promega, Pittsburgh, PA). Primers specific for PTP1B were available from Santa Cruz Biotechnology (Santa Cruz, CA). Primer sequences were based on mouse PTP1B sequences. PCR was performed according to protocols provided by Santa Cruz and included two PCR reactions. Briefly, the first PCR reaction was performed in a mixture containing 100 ng cDNA and 1 μl of Primer Pair A, plus reagents from a commercially available kit (Qiagen, Valencia, CA). Specificity and yield of the PCR products were enhanced using the hot-start approach \[[@r37]\]. PCR was performed for 36 cycles. Cycle conditions included denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 3 min. A 10 min extension was added at the end of the 36 cycles of PCR. A second PCR reaction was performed in a mixture containing 1 μl of product from the first reaction and 1 μl of Primer Pair B, plus reagents from the aforementioned commercially available kit. After the hot start, PCR was performed for 26 cycles, and the conditions were the same as above except that the extension time at 72 °C was for only 1.5 min. Negative controls consisted of samples containing all reagents plus primers, but without cDNA. Glyceraldehyde-3-phosphate dehydrogenase (G3PDH; Clontech, Mountain View, CA) acted as a positive control for the PCR. To ensure that the total RNA samples were not contaminated with genomic DNA, a negative control using 100 ng total RNA was substituted for cDNA in the PCR reaction mixture, along with 2.5 μM each of upstream and downstream G3PDH primers. PCR products and 100 bp DNA ladder molecular weight markers were electrophoresed in 1.5% agarose gels containing 0.5 μg/ml ethidium bromide and photographed. All experiments were conducted in duplicate and repeated three times to ensure consistent results.

Protein extraction and western blot analysis of PTP1B
-----------------------------------------------------

Passage 2 subconfluent and confluent cultures of rat corneal endothelial cells were used for western blot analysis of PTP1B protein levels. Protein was extracted by incubating cells for 30 min at 4 °C in lysis buffer containing 1% Triton X-100, 250 mM NaCl, 2 mM EDTA, 50 mM Tris-HCl (pH 7.4), 10 μg/ml aprotinin, 10 μg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 50 mM sodium fluoride, and 0.1 mM sodium orthovanadate (all from Sigma, St. Louis, MO), followed by sonication and centrifugation. Supernatants were stored at -80 °C until used for SDS-PAGE and western blotting. Equal concentrations of soluble protein were loaded on 10% Bis-Tris gels (Invitrogen) for SDS-PAGE and then transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA). Nonspecific binding was blocked by incubating the membrane overnight at 4 °C in 5% non-fat dry milk diluted in phosphate-buffered saline (PBS; Invitrogen). The membrane was incubated for 2 h at room temperature in PTP1B mouse monoclonal antibody (PH01: Calbiochem/EMD Biosciences, San Diego, CA) at a concentration of 1.2 mg/ml diluted in 5% non-fat dry milk in PBS. Blots were then rinsed 2 times for 10 min each with PBS containing 0.1% Triton X-100 and incubated 1 h at room temperature with HRP-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) diluted at 1:10,000 in 5% non-fat dry milk in PBS. Membranes were washed 2 times for 10 min with PBS containing 0.1% Triton X-100. Antibody binding was visualized using a chemiluminescent substrate (SuperSignal West Pico; Pierce, Rockford, IL). To prepare a control for protein loading, bound antibodies were stripped from the PVDF membrane by incubation in buffer containing 2% SDS, 62.5 mM Tris-HCl (pH 6.8) and 100 mM 2-mercaptoethanol (all from Sigma) for 15 min at room temperature. The membrane was reprobed with β-actin mouse monoclonal antibody (Sigma) diluted at 1:10,000 in 5% non-fat dry milk in PBS followed by incubation in HRP-conjugated donkey anti-mouse IgG diluted at 1:20,000 in 5% non-fat dry milk in PBS. A positive control sample was prepared from SW480 cells, a human colorectal adenocarcinoma cell line (American Type Culture Collection, Manassas, VA). Semi-quantitative analysis of protein expression was performed by densitometry using [NIH Image](http://rsb.info.nih.gov/ij/) software (NIH Image 1.34; National Institutes of Health, Bethesda, MD). Expression of PTP1B was normalized relative to that of β-actin. Duplicate immunoblots were prepared and each experiment was repeated three times.

Immunocytochemical localization of PTP1B
----------------------------------------

Rat corneas were washed in PBS and then fixed with 100% methanol for 10 min at -20 °C. All subsequent steps were performed at room temperature. Corneas were washed 3 times in PBS for 10 min each, then permeabilized for 10 min with 1% Triton X-100 in PBS, and washed again 3 times in PBS for 10 min each. Nonspecific binding was blocked using 4% bovine serum albumin (BSA; Fisher, Pittsburgh, PA) in PBS for 10 min. Corneas were incubated for 2 h in PTP1B mouse monoclonal antibody diluted 1:50 in 4% BSA in PBS and at the same time in β-catenin goat polyclonal antibody (Santa Cruz Biotechnology) diluted 1:100 in 4% BSA in PBS. Corneas were washed 3 times in PBS for 10 min each and then incubated for 1 h with rhodamine red-X donkey anti-mouse IgG diluted 1:100 in 4% BSA in PBS for detection of PTP1B antibody and FITC donkey anti-goat IgG diluted at 1:50 to detect β-catenin antibody. Both secondary antibodies were obtained from Jackson ImmunoResearch Laboratories. Negative controls consisted of secondary antibody alone. After being washed in PBS 3 times for 10 min each, corneas were placed endothelial-side up on slides using mounting medium (Vector Laboratories, Burlingame, CA). Digital images were obtained using a Leica TSC-SP2 confocal microscope (Bannockburn, IL). A Z-series through the tissue was captured with a step size of 0.5 μm per image. Z-series images were collapsed onto a single image plane by projecting the maximal pixel intensity of the images.

Immunocytochemical localization of EGFR following EGF stimulation
-----------------------------------------------------------------

Rat corneas were washed and incubated for 0, 15, and 60 min in Medium 199, gentamicin, 0.1% FBS plus 10 ng/ml epidermal growth factor (EGF; Upstate Biotechnology, Charlottesville, VA). The corneas were then washed in PBS and fixed with 100% methanol for 10 min at -20 °C. All subsequent steps were performed at room temperature. Corneas were washed 3 times in PBS for 10 min each, then permeabilized for 10 min with 1% Triton X-100 in PBS, and washed again 3 times in PBS for 10 min each. Nonspecific binding was blocked using 4% BSA in PBS for 10 min. Corneas were incubated for 2 h in EGF receptor (EGFR) sheep polyclonal antibody diluted 1:30 in 4% BSA in PBS or ZO-1 mouse monoclonal antibody (Zymed/Invitrogen) diluted 1:150 in 4% BSA in PBS. Corneas were washed 3 times in PBS for 10 min each and then incubated for 1 h with FITC donkey anti-sheep IgG diluted at 1:50 for detection of EGFR or rhodamine red-X donkey anti-mouse IgG diluted 1:200 in 4% BSA in PBS for detection of ZO-1. Both secondary antibodies were obtained from Jackson ImmunoResearch Laboratories. Negative controls consisted of secondary antibody alone. After being washed in PBS 3 times for 10 min each, corneas were placed endothelial-side up on slides using mounting medium (Vector Laboratories). Digital images were obtained as described above.

Western blot analysis of effect of PTP1B inhibitor on EGFR Tyr992 levels
------------------------------------------------------------------------

Confluent passage 1 rat corneal endothelial cells were trypsinized, seeded in 60 mm petri dishes at a density required to yield 50% confluence, and incubated overnight in the presence of 10% serum to permit cell attachment. Cells were then serum-starved for 24 h in Medium 199 plus gentamicin. For initial testing of the EGFR Tyr992 time-course, cells were incubated with EGF at a concentration of 25 ng/ml in Medium 199 and gentamicin without serum for 0, 10, 20, 30, 40, 50, or 60 min. These control experiments were repeated 3 times. CinnGEL 2Me, a novel peptoid inhibitor of PTP1B \[[@r38]\], was used to test the effect of PTP1B inhibition on the time-course of EGFR Tyr992 phosphorylation. CinnGEL 2Me was reconstituted in dimethyl sulphoxide (DMSO: Sigma) as indicated by the manufacturer (BioMol Research Laboratories, Plymouth Meeting, PA). Cells were incubated in the presence of CinnGEL 2Me at a final concentration of 1 mM or in an equal volume of DMSO in Medium 199 and gentamicin without serum for 1 h prior to the start of the experiment. EGF was then added at a concentration of 25 ng/ml to the CinnGEL 2Me or DMSO-containing medium and cells were incubated for 0, 2, 5, 15, 30, 60, or 120 min. At each time-point, dishes were placed on ice and cells were washed with ice-cold PBS. Protein extraction, gel electrophoresis, and protein transfer to PVDF membranes were performed as described above. Nonspecific binding was blocked by incubation of the membrane for 1 h at room temperature in 5% non-fat dry milk and 0.1% Triton X-100 diluted in PBS. The membrane was briefly washed with 0.1% Triton X-100 in PBS and then incubated overnight at 4 °C with EGFR Tyr992 rabbit polyclonal antibody (Cell Signaling Technology, Danvers, MA) diluted at 1:500 in 5% BSA and 0.1% Triton X-100 in PBS. Blots were then rinsed 2 times for 10 min each with PBS containing 0.1% Triton X-100 and incubated 1 h at room temperature with HRP-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories) at a 1:2,000 dilution in 5% non-fat dry milk and 0.1% Triton X-100 diluted in PBS. Membranes were washed 2 times with PBS containing 0.1% Triton X-100 for 10 min and antibody binding was visualized using a chemiluminescent substrate (SuperSignal West Femto; Pierce). To prepare a control for protein loading, bound antibodies were stripped as described above. The membrane was re-probed with β-actin mouse monoclonal antibody (Sigma) diluted at 1:10,000 in 5% non-fat dry milk in PBS followed by incubation in HRP-conjugated donkey anti-mouse IgG diluted in 5% non-fat dry milk in PBS at 1:20,000. Quantification of protein bands was performed by densitometry as described above. β-Actin was used for normalization. Experiments comparing CinnGEL 2Me and DMSO controls were repeated 4 times. Averaged data is presented ± standard error of the mean (SEM).

Analysis of PTP1B inhibitor on cell cycle entry
-----------------------------------------------

Confluent passage 1 rat corneal endothelial cells were trypsinized as above and seeded into 4-well glass chamber slides (Lab-Tek II, Nagle Nunc International, Rochester, NY) coated with FNC Coating Mix (AthenaES, Baltimore, MD) to yield 50% confluence. Cells were incubated in Medium 199, gentamicin, and 0.1% FBS overnight and then the medium was changed to 0% FBS for 24 h. CinnGEL 2Me (1 mM final concentration) or DMSO was added to the medium for 1 h prior to the start of the experiment. EGF was added to all wells at a final concentration of 25 ng/ml and cells were incubated for 0, 6, or 18 h. At each time point, the slides were processed for immunocytochemistry as follows: Cells were washed quickly 3 times with PBS and then fixed with 100% methanol for 10 min at -20 °C. All subsequent steps were performed at room temperature. Cells were washed 3 times in PBS for 10 min each and then permeabilized for 10 min with 1% Triton X-100 in PBS. Cells were washed 3 times in PBS for 10 min each. Nonspecific binding was blocked using 4% BSA in PBS. Cells were incubated for 2 h in Ki67 mouse monoclonal antibody (Novocastra, Newcastle upon Tyne, UK) diluted at 1:50 in 4% BSA in PBS. Cells were washed 3 times in PBS for 10 min each and then incubated for 1 h in FITC-conjugated donkey anti-mouse IgG diluted at 1:50 in 4% BSA in PBS. The cells were washed in PBS 3 times for 10 min each and prepared in mounting medium containing propidium iodide (PI: Vector Laboratories). Digital fluorescent images were obtained using an Eclipse E800 Nikon Microscope with VFM Epi-Fluorescence Attachment (Nikon, Inc., Melville, NY) equipped with a Spot digital camera and Spot Advanced version 4.5 CE software (Diagnostic Instruments, Sterling Heights, MI). Ki67 and PI-positive cells were counted from 3 different areas in duplicate wells per experiment and the average percent of Ki67-positive cells was calculated. Averaged data is presented ±SEM.

Results
=======

Expression of PTP1B in confluent and subconfluent cells
-------------------------------------------------------

Previous studies \[[@r34]\] provided immunocytochemical and western blot evidence that rat corneal endothelial cells express PTP1B. The current studies confirmed and extended this finding by comparing relative mRNA and protein expression for PTP1B in confluent versus subconfluent rat corneal endothelial cells. Cells were maintained in the presence of 10% FBS prior to processing for RT-PCR and western blots. RT-PCR revealed positive bands for PTP1B and G3PDH for both confluent and subconfluent cells ([Figure 1A,B](#f1){ref-type="fig"}). Controls containing all reagents plus PTP1B primers, but without cDNA, were negative. Samples containing total RNA rather than cDNA yielded no positive bands, indicating lack of contamination of the RNA samples with genomic DNA. Band density for PTP1B was very similar in both confluent and subconfluent cells. In this study, PCR was performed using two sets of primer pairs based on methods recommended by the supplier. To confirm these results, PCR of the second set of primers was run for 10, 20, and 26 cycles for both samples. Similar results were obtained under all cycle conditions (data not shown) and indicate that PTP1B mRNA is expressed at similar levels in both confluent and subconfluent cells. Western blots ([Figure 1C,D](#f1){ref-type="fig"}) showed a strong positive band for PTP1B in the positive control, as well as positive bands for both corneal endothelial samples. In contrast to the RT-PCR data, densitometric analysis of the western blots indicates that PTP1B is expressed at 3 fold higher levels in subconfluent versus confluent cells. Experiments were performed 3 times and similar results were obtained for both the RT-PCR and western blots in each experiment.

![Representative results comparing PTP1B mRNA and protein expression in confluent and subconfluent rat corneal endothelial cells. **A**: RT-PCR for PTP1B. At left are molecular weight markers in 100 bp increments with the brightest band at 600 bp. Lane 1: Control sample containing all reagents, but without cDNA; Lane 2: cDNA extracted from confluent cells; Lane 3: cDNA extracted from subconfluent cells. Position of 443 bp band for PTP1B is indicated. **B**: RT-PCR for G3PDH control. At left are molecular weight markers; Lane 4: Control sample containing total RNA extracted from confluent cells; Lane 5: cDNA extracted from confluent cells; Lane 6: Control sample containing total RNA extracted from subconfluent cells; Lane 7: cDNA extracted from subconfluent cells. Position of 452 bp G3PDH band is indicated. **C**: Western blot for PTP1B (48 kDa) showing position of PTP1B in control SW480 cells and relative expression of PTP1B in subconfluent (SC) and confluent (C) rat corneal endothelial cells. **D**: Same membrane as in (**C**) reprobed for β-actin to control for protein load.](mv-v13-785-f1){#f1}

PTP1B localization in endothelial cells of ex vivo rat corneas
--------------------------------------------------------------

Although previous studies \[[@r34]\] provided evidence that PTP1B is expressed in rat corneal endothelial cells, they did not clearly determine its subcellular location. Confocal images in [Figure 2](#f2){ref-type="fig"} show positive staining for PTP1B in a punctate pattern suggestive of cytoplasmic vesicles. Comparison of the PTP1B staining pattern with staining for β-catenin, a protein associated with cell-cell adhesion junctions \[[@r39]\], indicates that PTP1B is associated with vesicular structures immediately subjacent to the plasma membrane. Tissue incubated in secondary antibody alone was negative in all cases (data not shown).

![Representative fluorescent confocal images showing immunostaining for PTP1B and β-catenin in corneal endothelial cells of ex vivo rat corneas. PTP1B (red) localization is compared with that of β-catenin (green), a protein closely associated with cell-cell adhesion junctions. The staining pattern of PTP1B strongly suggests that PTP1B is associated with vesicular structures subjacent to the plasma membrane. The higher magnification image in (**B**) is included to more clearly demonstrate this localization pattern. The final magnification in **A** was 2100X and in **B** was 3120X.](mv-v13-785-f2){#f2}

Localization of EGFR in rat corneal endothelial cells in response to EGF stimulation
------------------------------------------------------------------------------------

Immunocytochemical localization studies were conducted to determine the effect of EGF treatment on the localization of EGFR. Ex vivo rat corneas were incubated in the presence of EGF for 0, 15, and 60 min. Corneas were fixed at each time point, immunostained for EGFR, and analyzed by confocal microscopy. Representative images are shown in [Figure 3](#f3){ref-type="fig"}. In the absence of EGF ([Figure 3A](#f3){ref-type="fig"}), endothelial cells exhibited intense staining for EGFR at cell borders and diffuse punctate staining throughout the cell interior. Within 15 min after exposure to EGF ([Figure 3B](#f3){ref-type="fig"}), there was a visible reduction in EGFR staining at lateral membranes (although cell borders could still be seen in some areas) and the diffuse punctate cytoplasmic staining appeared to increase. By 60 min after EGF addition ([Figure 3C](#f3){ref-type="fig"}), little-to-no staining for EGFR was visible at cell borders; however, staining for ZO-1, a tight junction-associated protein \[[@r39]\] in the same tissue ([Figure 3D](#f3){ref-type="fig"}) indicated that cell-cell contacts remained intact in the presence of EGF.

![Fluorescent confocal images of EGFR localization in corneal endothelial cells of ex vivo rat corneas following EGF stimulation. In the absence of EGF, EGFR is located mainly at cell borders (arrow), although some cytoplasmic punctate staining is visible (**A**). After EGF stimulation for 15 min (**B**), EGFR staining is greatly reduced at cell borders (arrow). After 60 min (**C**), little-to-no EGFR is visible at cell borders; however, ZO-1 staining of the same tissue (**D**) indicates that cell borders remain intact. No staining is observed in the endothelium of ex vivo corneas incubated in secondary antibody alone (**E**). Note that small dots of intense stain can be observed scattered in the cytoplasm of cells in (**A**-**C**). The specific nature of this staining is unclear, since all antibodies were centrifuged at high speed prior to dilution to prevent nonspecific antibody deposition. Final magnification: 1000X.](mv-v13-785-f3){#f3}

Time-course of EGFR Tyr992 phosphorylation
------------------------------------------

Studies were first conducted to determine the effect of EGF on the time-course of phosphorylation of EGFR Tyr992. Serum-starved subconfluent rat corneal endothelial cells were treated with 25 ng/ml EGF in Medium 199 plus gentamicin. This concentration of EGF was chosen based on preliminary dose-response studies (data not shown). Samples were then taken for western blot analysis of phosphorylated Tyr992 at 0, 10, 20, 30, 40, 50, or 60 min following EGF addition and results are shown in [Figure 4](#f4){ref-type="fig"}. [Figure 4A](#f4){ref-type="fig"} presents a representative western blot showing the time-course of EGFR Tyr992 phosphorylation following EGF stimulation. Densitometric analysis of the blots ([Figure 4B](#f4){ref-type="fig"}) indicates that phosphorylated Tyr992 levels peaked by 10 min following EGF addition and decreased to basal levels by 30 min.

![Time-course of EGFR Tyr992 phosphorylation. Subconfluent rat corneal endothelial cells were serum-starved and then treated with 25 ng/ml EGF in Medium 199 plus gentamicin. Samples were taken at various times for western blot analysis. **A**: Representative western blot showing the time-course of EGFR Tyr992 phosphorylation. Phosphorylated EGFR Tyr992 yields a 175 kDa band. β-Actin (42 kDa) was used for a loading control. **B**: Graph showing the average level of phosphorylated EGFR Tyr992 in duplicate gels from three separate experiments. β-Actin was used for normalization. Bars represent SEM.](mv-v13-785-f4){#f4}

Effect of PTP1B inhibitor on time-course of EGFR Tyr992 phosphorylation
-----------------------------------------------------------------------

Studies were then conducted to determine the effect of CinnGEL 2Me, a peptoid inhibitor of PTP1B, on the time-course of Tyr992 phosphorylation. CinnGEL 2Me is the methyl ester of a tripeptide-substituted cinnamic acid that exhibits significant inhibition of PTP1B activity \[[@r38]\]. The supplier of CinnGEL 2Me states that the methyl ester permits cell permeability and is hydrolyzed to active inhibitor by intracellular esterases. For this study, subconfluent cultures of rat corneal endothelial cells were serum-starved for 24 h and then preincubated for 1 h in culture medium containing Medium 199, gentamicin, and DMSO either with or without 1 mM CinnGEL 2Me. DMSO was used as a control for these experiments, because the inhibitor was solubilized in this reagent. The concentration of CinnGEL 2Me was chosen following a preliminary dose-response study (data not shown). After this 1 h incubation, cultures were treated with 25 ng/ml EGF for 0, 2, 5, 15, 30, 60, or 120 min and samples were taken for western blot analysis. [Figure 5A](#f5){ref-type="fig"} presents representative results of the western blots and [Figure 5B](#f5){ref-type="fig"} shows the results of the densitometric analysis. Overall, the kinetics of EGFR Tyr992 phosphorylation in cells maintained in control medium containing DMSO were very similar to those described above in which cells were maintained in medium without DMSO. This indicates that DMSO did not affect the ability of the cells to respond to EGF stimulation. In the DMSO-treated control cells, phosphorylated Tyr992 levels peaked 5 min after EGF addition, rapidly decreased to near-basal levels by 30 min, and then gradually returned to basal levels by 120 min. In CinnGEL 2Me-treated cells, Tyr992 phosphorylation peaked 2 min after EGF addition. Although the relative level of phosphorylation decreased over time, it was consistently sustained at a level higher than that observed in controls until the 60 min time-point. Thus, inhibition of PTP1B by CinnGEL 2Me resulted in a more rapid response to EGF stimulation and an increased duration of EGFR Tyr992 phosphorylation.

![Effect of the PTP1B inhibitor, CinnGEL 2Me, on the time-course of EGFR Tyr992 phosphorylation. Serum-starved, subconfluent rat corneal endothelial cells were pre-incubated for 1 h in Medium 199, gentamicin, and DMSO(-) or supplemented with 1 mM CinnGel 2Me(+). EGF (25 ng/ml) was then added and samples were taken for western blot analysis at various times following EGF addition. Representative western blot in (**A**) shows phosphorylated Tyr992 at 175 kDa. Densitometric analysis was conducted using β-actin for normalization. The graph in (**B**) shows average levels of phosphorylated Tyr992. Results are the average of duplicate gels from four separate experiments. Bars represent SEM.](mv-v13-785-f5){#f5}

Effect of PTP1B inhibitor on cell cycle entry
---------------------------------------------

Studies were also conducted to determine the effect of PTP1B inhibitor on EGF-stimulated cell cycle entry. For these studies, subconfluent rat corneal endothelial cells were serum-starved, pre-treated with or without 1 mM CinnGEL 2Me, and then stimulated with 25 ng/ml EGF as previously. Cells were then immunostained for Ki67, a marker of actively cycling cells \[[@r35]\], at 0, 6, and 18 h after EGF addition. Cells positively stained for Ki67 and total propidium iodide (PI)-stained nuclei were counted and the results compared. [Figure 6A](#f6){ref-type="fig"} presents representative fluorescent images of Ki67- and PI-stained cells at 6 and 18 h after EGF treatment, while [Figure 6B](#f6){ref-type="fig"} shows the percent of Ki67-positive cells averaged from duplicate samples in three separate experiments. As expected from the normal time-course of cell cycle progression in rat corneal endothelial cells \[[@r36]\], there were no Ki67-positive cells at the 0 h time-point (data not shown) and there was a low number of Ki67-positive cells at the 6 h time-point under both treatment conditions. By 18 h after EGF treatment, the average number of Ki67-positive cells was increased at least 1.7 fold in cultures treated with CinnGEL 2Me compared with cultures incubated in control medium.

![Effect of CinnGEL 2Me inhibition of PTP1B on cell cycle entry. Serum-starved subconfluent rat corneal endothelial cells were preincubated for 1 h in medium containing either DMSO(-) or 1 mM CinnGel 2Me in DMSO(+) followed by addition of 25 ng/ml EGF for 6 or 18 h. **A**: Cultures were immunostained for Ki67 (green), a marker of proliferating cells, and counterstained with propidium iodide (PI) to reveal all nuclei (red). Magnification: 400X. **B**: Bar graph shows the average number of Ki67-positive cells at each time-point in duplicate samples from three separate experiments. Bars represent SEM and the asterisk indicates a 1.7 fold increase over control.](mv-v13-785-f6){#f6}

Discussion
==========

This laboratory is the first to explore a role for protein tyrosine phosphatases in the regulation of growth factor signaling in corneal endothelium from any species. In a previous study \[[@r34]\] we used rat corneal endothelium to identify a subset of PTPs expressed in these cells and to examine the effect of SOV-induced PTP inhibition on cell cycle entry. PTP1B was among the PTPs identified in that study. PTP1B is widely expressed, but its specific function(s) within individual cell types is still being investigated \[[@r14]\]. PTP1B is clearly involved in the regulation of signal transduction and has been found to play an important role in diabetes, obesity, the cell cycle, and cancer \[[@r40]\]. Since PTP1B is known to regulate EGFR signaling and corneal endothelial cells express these receptors, it is important to obtain a better understanding of the role of this PTP in EGF-induced cell cycle traverse. The current studies were conducted in rat corneal endothelial cells, because the initial studies were conducted in this species and it was important to obtain a base of information in rat that could eventually be applied to studies of PTP1B in human corneal endothelial cells. The goal of these studies was to determine whether PTP1B plays a role in regulating EGF-induced Tyr992 phosphorylation of EGFR and cell cycle entry in rat corneal endothelial cells.

The current studies confirmed and extended the finding that PTP1B is expressed in rat corneal endothelial cells. PTP1B protein levels were found to be substantially higher in subconfluent cells compared with confluent cells, while PTP1B mRNA levels were similar, strongly suggesting that PTP1B expression is regulated mainly at the protein level in these cells. This finding is interesting, because subconfluent cells were used in studies testing the effect of the PTP1B inhibitor. Protein tyrosine phosphorylation is normally balanced by dephosphorylation, suggesting that the relative expression of PTPs may be dependent on overall tyrosine phosphorylation activity. In fact, several studies have demonstrated that expression of PTP1B is increased upon neoplastic transformation \[[@r41],[@r42]\], as well as in cancer \[[@r43],[@r44]\]. Overall, our finding of increased PTP1B protein levels in subconfluent cells appears consistent with increased proliferative activity. The specific mechanism by which PTP1B protein levels are regulated in corneal endothelial cells remains to be determined. PTP1B has also been shown to regulate both cadherin- \[[@r45]\] and integrin-based adhesion in some cells \[[@r46],[@r47]\]. The relative difference in PTP1B protein levels in confluent versus subconfluent cells may also reflect these functions of PTP1B in corneal endothelial cells, but this remains to be established.

The PTP1B staining pattern in the endothelium suggests it is associated with submembranous vesicles; however, the current studies did not test whether PTP1B is specifically associated with the endoplasmic reticulum as has been reported in other cell types \[[@r24]\]. The fact that EGFR is internalized in response to EGF stimulation suggests that it could interact with and be regulated by PTP1B. Indeed, the similarity in the kinetics of EGFR internalization and the kinetics of Tyr992 phosphorylation supports this idea. The kinetics of EGFR Tyr992 phosphorylation in cells incubated in culture medium containing DMSO were very similar to those of cells incubated in medium without DMSO, indicating that DMSO did not significantly affect EGF-induced signaling, at least under these experimental conditions. The finding that inhibition of PTP1B activity by CinnGEL 2Me results in sustained EGFR Tyr992 phosphorylation compared with controls is similar to that of Haj, et al. \[[@r28]\], who found that fibroblasts isolated from PTP1B^-/-^ mice exhibited increased and sustained phosphorylation of EGFR, as well as of the receptor for PDGF. Together, results strongly suggest that PTP1B negatively regulates EGF-induced receptor signaling in rat corneal endothelial cells.

Previous studies found that treatment of rat corneal endothelial cells with the general phosphatase inhibitor, SOV, increased the number of Ki67-positive cells over controls, indicating that phosphatase inhibition promoted cell cycle entry. These results were similar to those reported by Suzuki, et al. \[[@r48]\], who showed that SOV treatment promoted cell cycle entry in cultured vascular endothelial cells. The current study extends this finding by demonstrating that treatment of subconfluent rat corneal endothelial cells with CinnGEL 2Me increased the number of Ki67-positive cells, thereby implicating PTP1B in the negative regulation of EGF-induced cell cycle entry. The current studies did not explore the effect of CinnGEL 2Me on the extent of cell cycle traverse. Positive staining for Ki67 is first upregulated in mid-G~1~-phase of the cell cycle \[[@r49],[@r50]\]. As such, the observed increase in the number of Ki67-positive cells in CinnGEL 2Me treated cultures suggests that more cells had at least begun to enter the cell cycle. In the previous study of rat corneal endothelial cells treated with SOV, it appeared that inhibition of phosphatases was not sufficient to move cells from mid-G~1~ through S-phase of the cycle, since there was no increase found in the number of BrdU-stained cells. It is possible that inhibition of PTP1B is sufficient to promote changes leading to the initial stages of cell cycle entry, but that other signaling mechanisms compensate for the lack of PTP1B activity, resulting in the inability of cells to further traverse the cycle. This possibility was suggested by Haj et al. \[[@r28]\] who observed an increase in EGFR phosphorylation in PTP1B^-/-^ mice, but detected little-to-no increase in the activity of downstream signals, suggesting the existence of compensatory mechanisms to prevent uncontrolled growth factor receptor activation. Further study will be needed to more specifically identify the changes induced by PTP1B inhibition that promote cell cycle entry. In addition, careful studies are needed to identify the specific downstream signaling cascades affected by PTP1B activity. It is assumed that PLC-γ and the GAP-MAP kinase cascades will be affected, since these proteins appear to compete for PTP1B binding for phosphotyrosines on EGFR in other cell types. It should also be mentioned that EGF is not the only growth factor known to stimulate proliferation in corneal endothelial cells. For example, significant information has been obtained in rabbit corneal endothelial cells regarding cell cycle regulation by fibroblast growth factor-2 (FGF-2) \[[@r51],[@r52]\]. It would be interesting to determine whether PTP1B might help regulate FGF-2 signaling in these cells, as has been found in cultured smooth muscle cells \[[@r27]\].

In summary, results strongly suggest that PTP1B plays a role in the negative regulation of EGFR signaling in rat corneal endothelial cells, at least at the level of Tyr992 phosphorylation, and that inhibition of PTP1B activity increases both the duration of EGFR autophosphorylation and the relative number of cells entering the cell cycle. With this base of information, studies can now be conducted to explore the role of PTP1B in regulation of EGFR signaling in human corneal endothelium.
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